Uncertainty in Determination of Hydrogen Diffusion Coefficient in Metal Hydride Electrode Based on the Transition Region of Diffusion-controlled Impedance by 原鲜霞 et al.
第 8 卷 　第 1 期
2002 年 2 月
电化学
EL ECTROCHEMlSTR Y
Vol. 8 　No. 1
Feb. 2002
Article ID :1006-3471(2002) 01-0047-07
Uncertainty in Determination of Hydrogen Diffusion Coefficient
in Metal Hydride Electrode Based on the Transition Region
of Diffusion-controlled Impedance
YUAN Xian- xia 3 , XU Nai- xin
( S hanghai Instit ute of Metall urgy , Chinese A cadem y of Sciences , S hanghai 200050 , China)
Abstract : Hydrogen diffusion coefficient in MlNi3. 75 Co0. 65 Mn0. 4Al0. 2 metal hydride electrode
has been determined with transition region of diffusion-controlled impedance. Multiple solutions
were obtained at each data point because of the periodic characteristic of some functions used in
the calculation ,and the maximum difference between the solutions reached several orders of mag2
nitude. On the other hand ,the solutions varied for different data points in the transition region of
diffusion-controlled impedance of the same experimental plot . It could be concluded that this
method is not so well defined and some modification is required.
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Hydrogen diffusion coefficient in metal hydride electrode is an important parameter for study
of electrode performance ,and has been widely investigated recently. B. S. Haran et al[1 ]proposed
an electrochemical method of determining hydrogen diffusion coefficient in metal hydride electrode
with the transition region of its diffusion2controlled impedance ,and obtained the hydrogen diffu2
sion coefficient in LaNi4. 27 Sn0. 24 electrode with this method. Later , Ping Yu et al
[2 ] used this
method to determine the lithium ion diffusion coefficient in graphite. In this laboratory ,it was at2
tempted to determine the hydrogen diffusion coefficient in MlNi3. 75Co0. 65Mn0. 4Al0. 2 metal hydride
electrode with this method ,but the technique was found not so well defined and some modification
is still needed.
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　Fig. 1 　Theoretical electrochemical impedance spectrum
of porous electrode system in Nyquist plot
1 　Theory
Metal hydride electrode prepared with
hydrogen storage alloy is a porous electrode
in nature. Theoretically , electrochemical
impedance spectrum for porous electrode can
be illust rated as Nyquist plot in Fig. 1 [3 ] .
The first semicircle at the high frequency
represents the contact resistance and capaci2
tance between the alloy particles or between
current collector and the pellet electrode ,the
second semicircle at the medium frequency
represents the polarization resistance for the
charge2t ransfer reaction and doulbe-layer ca2
pacitance on the electrode surface , the
st raight line with a slope of 1 ( noted as the
45°line in the following paragraphs) is for
Warburg impedance under semi-infinite diffusion ,and the straight line vertical to the real axis is
for diffusion impedance under finite conditions because of the finite size of the alloy particles.
In measured Nyquist plot ,however ,because of the porosity effects[4 ] or fractal geometry ef2
fects[5 ] of the electrode surface , the semi-infinite diffusion2controlled region frequently deviates
f rom the 45°line , the vertical line rarely appears , and the slope of the diffusion-controlled
impedance increases gradually. The region between the 45°line and the vertical line is generally
considered as the transition region which is enriched with the information on hydrogen diffusion
behavior. According to B. S. Haran et al[1 ] ,the diffusion impedance in the transition region can be
separated into real (Re) and imaginary ( Im) parts :
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In equation (2)～ (6) ,σis Warburg coefficient ,ω is angular f requency , d is sphere radius of
alloy particles in cm ,and D is hydrogen diffusion coefficient in cm2s - 1 .
Differentiating Re and Im gives the slope of the Nyquist plot in the transition region of the





T4 [ - T3 + ( S 3 S 5 + S 4 S 7 - S 1 S 6 + S 2 S 8)ψ] - 2 T3 ( S 4 S 3 + S 2 S 1)ψ
T4 [ - T5 + ( S 3 S 6 + S 4 S 8 - S 1 S 5 + S 2 S 7)ψ] - 2 T5 ( S 4 S 3 + S 2 S 1)ψ
(7)
where
　T3 = ( S 4 S 5 - S 2 S 6) ; T4 = ( S 4
2 + S 2
2) ; T5 = ( S 4 S 6 + S 2 S 5) (7a)
　S 1 = S 5 S 6 ; S 2 = 2ψ- S 5
　S 3 = 2coth (ψ) cot (ψ) (1 - ψS 6) - 2ψS 5 + S 8 (7b)
　S 4 = 2ψcoth (ψ) cot (ψ) - S 6 ; S 5 = coth (ψ) - cos(ψ) (7c)
　S 6 = coth (ψ) + cot (ψ) ; S 7 = 2 - S 1
　S 8 = cot (ψ)
2 + coth (ψ) 2 (7d)
In equation (7) ,the value of
d ( Im)
d (Re)
can be obtained by fitting the measured data to a polyno2
mial function (see section 3) , and ψ is the only unknown parameter. So , ψ can be obtained by
substituting the calculated value of
d ( Im)
d (Re)
into equation (7) . Then ,substituting the known value
of ω, d and the obtained value of ψ into equation (6) gives the hydrogen diffusion coefficient D .
2 　Experimental
The MlNi3. 65Co0. 75Mn0. 4Al0. 2 alloy was prepared from component metals with the purity of
at least 99. 9 wt % in vacuum medium frequency induction furnace. To assure the homogeneity of
the alloy , the ingot was turned over and remelted five times. Then , the ingot was crushed and
ground mechanically followed by capturing particles with two sequential sieves ,and the particle
size of the resulting powders was measured by Malvern particle analyzer Mastersizer 2 000 which
gives an average particle diameter of 125. 2μm.
The metal hydride electrodes were prepared by mixing the alloy powder and nickel powder
( Inco company ,Canada) in a weight ration of 1∶4 followed by pressing at room temperature onto
both sides of a nickel foam under the pressure of 1. 8 ×108 Pa for 1 min. The resulted pellet had a
diameter of 15 mm and a thickness of 1. 68 mm and weighted 1. 5 g.
Electrochemical measurements of the metal hydride electrodes were performed in a glass cell
with three compartments by means of EG &G Princeton Applied Research Potentiostat/ Galvanos2
tat Model 273 A and Lock-in Amplifer 5 210 driven by the software of Powersine in the Power2
suite package. In addition to the metal hydride electrode as working electrode ,a nickel hydroxide
electrode with an excessive capacity was employed as the counter electrode ,a Hg/ HgO (6 mol/ L
KOH) as the reference electrode and 6 mol/ L KOH solution as the electrolyte.
After activated by charging at 60 mA/ g (based on the amount of alloy powder) for 7. 5 h ,
resting for 10 min ,and discharging at 60 mA/ g to - 0. 6 V vs. Hg/ HgO electrode for ten times ,
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the electrode was charged at 60 mA/ g for 7. 5 h ,and discharged to 40 %DOD (see equation (8) )
at 60 mA/ g after a rest of 10 min. Then , the impedance spectra of the electrode were recorded





In equation (8) , Q is capacity of the electrode after activation (C) , I d and t d are discharge
current (A) and discharge time respectively (s) .
　Fig. 2 　Electrochemical impedance spectrum of MlNi3. 75
Co0. 65 Mn0. 4Al0. 2 metal hydride electrode with 40 %
DOD (in the frequency range from 100 kHz to
0. 001 Hz and with AC perturbation of ±5 mV
amplitude)
3 　Results and discussion
Experimental Nyquist plot of Ml2
Ni3. 65Co0. 75Mn0. 4Al0. 2metal hydride elec2
t rode with 40 %DOD at room tempera2
ture is shown in Fig. 2 , where the fre2
quencies in the diffusion2controlled region
and the charge2t ransfer region are also in2
dicated. It is obvious that the impedance
in the frequency range from 0. 001 45 Hz
to 0. 020 6 Hz corresponds to the transi2
tion region. Similar to Ping Yu et al[2 ] ,
the data points with slopes in the range of
- 1. 5 to - 2. 5 in the transition region
were adopted and fitted to a polynomial
function Im = aRe2 + bRe + c. Substi2
tuting the fitted parameters a and b into
d ( Im)
d (Re)
= 2 aRe + b gives the slope of each data point .
The abopted data points ,the simulated parameters and the obtained slopes are listed in Table 1.
Tab. 1 　Three data points in the transition region of diffusion-controlled impedance ,
the simulated parameters a ,b ,c and the slope at each data point
Frequency/ Hz 0. 002 12 0. 003 09 0. 004 50
Re/Ω 0. 386 0. 378 0. 374
Im/Ω - 0. 046 0 - 0. 031 9 - 0. 023 1
a - 14. 575
b 9. 248
c - 1. 444
d ( Im)
d (Re)
- 2. 013 - 1. 780 - 1. 656
　　Next , the value of ψ can be obtained by solving equation (7) with the calculated value of
d ( Im)
d (Re)
. However ,it is impossible to obtain an explicit analytic solution of equation (7) because of
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involvement of t ranscendental function in it . The euqation can only be solved by numerical itera2
tion. Here ,we applied the software of Matlab to solve this equation ,and the range of ψ must be
assigned as a prerequisite in this program. Hydrogen diffusion coefficient in AB5 - type hydrogen
storage alloys and their metal hydride electrodes is in the range of 10 - 6 ～10 - 11 cm2/ s[1 ,6 ,7 ] ,
sphere radius of alloy particles used in this research is 125μm ,and the transition region in diffu2
sion-controlled impedance in the measured Nyquist plot lies in 0. 001 45 Hz to 0. 020 6 Hz. So ,the










= 0. 42 (10)
However ,it is found that assignation of the value of ψ ranging from 0. 42 to 503 leads to
multi- solutions of ψ and corresponding values of D . The reason is that cot (ψ) in equation (7) is
a periodic function withπ as its period ,and coth (ψ) approaches 1 when ψ is large. This makes
d ( Im)
d (Re)
a quasi2periodic function as shown in Fig. 3. So ,a specific value of d ( Im)
d (Re)
in the rang of -
1. 5 to - 2. 5 can be obtained by more than oneψwith equation (7) . Equation (6) shows that aψ
gives a diffusion D with known value of ω and d. So ,multiple values of ψat each data point give
the same number of D .
Fig. 3 　ψ dependence of d
( Im)
d (Re)
where graph (b) is the enlargement for a portion of graph (a)
The calculated values of ψ and D for the three data points listed in Table 1 are compared in
Fig. 4. It canbe seen that about 40 sets of ψ and D were obtained for each data point ,and they
differed from each other by 0 to 5 orders of magnitude. On the other hand ,the calculated values of
D at different data points differed from each other greatly. So ,it is difficult to decide which value
should be selected as the actual diffusion coefficient .
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　Fig. 4 　Values of ψand D determined with the data in Tab.
1 ,graph (b) is the enlargement for a portion of graph
(a)
Assignation of ψvalue in a very nar2
row range could give single solution of
D , but this method is not appropriate.
Prior assignation of ψ in a very narrow
range implies in fact predefinition of ψ at
a specific value and correspondingly pre2
defines the specific value of D . On the
other hand ,since hydrogen diffusion coef2
ficient in a metal hydride electrode in a
given state is a constant , then Equation
(6) indicates that the values of ψare dif2
ferent for different data points because of
their different f requencies. So , the value
ofψ at each data point may differ f rom
each other greatly for a Nyquist plot
whose diffusion-controlled transition re2
gion has a wide frequency dist ribution. In
this case ,the real value of ψ may be ex2
cluded from the assigned range of ψ,and
the calculated value of D is an unefficient




as shown in Fig. 3.
So far ,it could be concluded that this
method is not so well defined in deter2
mining hydrogen diffusion coefficient in metal hydride electrode , and some modification is still
needed to deduce a new formula which can be used to obtain unique value of D at each data point
and can be used to obtain almost equal values of D at different data points in the transition region
of a Nyquistplot plot .
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摘要 : 　本文参照文献[ 1 ]报导的利用扩散阻抗过渡区求金属氢化物电极中氢扩散系数的方法测
定了 MlNi3. 75Co0. 65 Mn0. 4Al0. 2电极中氢的扩散系数. 结果发现 :运算过程中由于所用到的一些函数
具有周期性 ,使计算结果变为多解 ,而且这些解之间存在着数量级上的差别 ;对同一组实验数据 ,
过渡区内依据不同频率点求得的扩散系数也很不同. 总之 ,该方法尚不成熟 ,有待于进一步完善.
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